INTRODUCTION
The vertebrate central nervous system is a complex organ composed of many thousands of neuronal subtypes organized in a highly stereotypical pattern. Construction of such a sophisticated system relies on the precise and reproducible establishment of cell-type-specific gene expression programs that define the morphology, connectivity, and functionality of individual neuronal subtypes.
The acquisition of neuronal identity is driven by a developmental transcriptional program executed in neural progenitors that culminates in the activation of a unique combination of transcription factors (TFs) in nascent postmitotic neurons (Bertrand et al., 2002; Shirasaki and Pfaff, 2002) . These TFs are often referred to as master regulators or programming factors, as they are both necessary and sufficient to activate expression of cell-type-specific combinations of effector genes that define neuronal identity and functionality (Hobert, 2008; Vierbuchen et al., 2010) . How programming TFs selectively recognize their genomic binding sites and which of the bound sites will get activated and regulate target genes have been the topic of intense scrutiny; yet, our understanding of the process remains rather limited. Furthermore, many programming TFs are expressed only transiently in the developing mammalian nervous system and are rapidly downregulated in maturing postmitotic neurons (Mong et al., 2014; Son et al., 2011; Wapinski et al., 2013) , raising the question of how expression of the cell-type-specific effector genes is maintained in maturing neurons.
Recent studies established that enhancers in progenitor cells transitioning from one developmental state to another are highly dynamic (Hong et al., 2013; Johnson et al., 2011; Velasco et al., 2016) . In contrast to dividing cells, many genes induced in postmitotic neurons (axon guidance receptors, neurotransmitters and receptors, ion channels, etc.) operate as terminal effector genes and remain stably expressed despite downregulation of TFs that initiated their expression. Whether enhancers established in nascent postmitotic neurons become stabilized by the recruitment of secondary TFs or whether the continuity of expression of postmitotic neuronal effector genes depends on a transcriptional cascade engaging independent stage-specific enhancers in maturing motor neurons remain unknown.
Generic vertebrate spinal motor neuron identity is established by three TFs-proneural basic helix-loop-helix (bHLH) TF Neurogenin 2 (Ngn2), and two LIM homeodomain (HD) TFs, Lhx3 and Islet 1 (Isl1) (Briscoe et al., 2000; Jessell, 2000; Novitch et al., 2001) . The three factors function as programming TFs, sufficient to reprogram embryonic stem cells (ESCs) or neural progenitors into spinal motor neurons (Hester et al., 2011; Lee et al., 2012; Lee and Pfaff, 2003; Mazzoni et al., 2013) . Ngn2 is expressed only transiently in motor neuron progenitors as they initiate their terminal differentiation. Isl1 and Lhx3 are initially co-expressed in nascent postmitotic motor neurons, but Lhx3 is rapidly downregulated in all hypaxial and limb muscle-innervating motor neurons (Bonanomi and Pfaff, 2010; Sharma et al., 1998) . Mapping TF binding sites during transcriptional reprogramming of ESCs to motor neurons revealed that Isl1 and Lhx3 co-occupy more than 10,000 genomic sites (Mazzoni et al., 2013) . However, the precise syntax of cis-regulatory elements underlying cooperative recruitment of Isl1 and Lhx3 to their preferred binding sites remained occluded by the poor spatial resolution of chromatin immunoprecipitation sequencing (ChIP-seq) assays.
ESC differentiation into spinal hypaxial motor neurons undergoes a progressive transition from Ngn2-positive progenitors into Isl1/Lhx3-positive nascent postmitotic motor neurons and, ultimately, into Isl1-positive/Lhx3-negative maturing motor neurons (Tan et al., 2016) . Temporal downregulation of two of the three motor neuron programming TFs (Ngn2 and Lhx3) under this differentiation protocol provides an opportunity to study gene regulatory mechanisms contributing to the stable expression of motor neuron effector genes in the context of a dynamic transcriptional environment. Our study demonstrates that downregulation of Lhx3 results in the release of Isl1 from the Isl1/Lhx3 co-bound sites followed by the decommissioning of nascent motor neuron enhancers. Isl1 is then recruited to a new set of enhancers activated in maturing motor neurons. By using high-resolution mapping of TF binding sites (Rhee and Pugh, 2011) , we discovered that the dynamic behavior of Isl1 can be in part explained by its indirect recruitment to enhancers through protein-protein interactions with clusters of Lhx3 and Onecut1 TFs in nascent and maturing motor neurons, respectively. Gene expression analysis revealed that the majority of motor neuron effector genes expressed in postmitotic neurons are associated with transiently active stage-specific enhancers. These results indicate that outwardly stable expression of effector genes in terminally differentiated cells is controlled by transient enhancers established and activated by stage-specific combinations of TFs.
RESULTS

Dynamic Changes in the Genomic Regulatory Landscape in Postmitotic Motor Neurons
The progressive differentiation of pluripotent cells into their terminal identity is controlled by developmentally regulated TFs that dynamically establish, activate, silence, and decommission enhancers regulating lineage-specific gene expression programs (Dixon et al., 2015; Shlyueva et al., 2014; Whyte et al., 2012) . Mouse ESCs induced on day 2 of differentiation with patterning factors, retinoic acid (RA), and smoothened agonist (SAG) acquire motor neuron progenitor identity characterized by expression of Olig2 on day 4 of differentiation (Wichterle et al., 2002; Wichterle and Peljto, 2008) . Treatment of motor neuron progenitors with ɣ-secretase inhibitor (DAPT) transiently activates expression of Ngn2, followed by cell cycle exit and terminal differentiation of progenitors into postmitotic motor neurons by day 5 ( Figure 1A ) (Tan et al., 2016) . Under this protocol, there are virtually no dividing progenitors remaining on day 5 of differentiation, with $80% of cells becoming postmitotic motor neurons. Motor neuron maturation under this protocol is temporally well synchronized, as 63% of day 5 cells co-express nascent motor neuron markers Isl1 and Lhx3, but 1 day later, 91% of maturing motor neurons downregulate Lhx3 and acquire an expression profile of hypaxial motor neurons ( Figure 1B ; Figure S1 ).
Developmentally active enhancers are commonly associated with enriched histone H3 lysine 27 acetylation (H3K27ac) and increased chromatin accessibility (Calo and Wysocka, 2013; Heintzman and Ren, 2009 ). To examine genome-wide changes in active enhancer signatures in differentiating motor neurons, we performed ChIP-seq of H3K27ac and an assay for transposase-accessible chromatin with sequencing (ATAC-seq) (Buenrostro et al., 2013) in mouse ESCs (day 0), motor neuron progenitors (day 4), nascent postmitotic motor neurons (day 5), and maturing motor neurons (day 6). We identified 30,648 unique distal genomic regions (referred to as ''active enhancers''), having significant increase of both H3K27ac and ATAC-seq intensity, across the four stages of motor neuron differentiation. We observed that a significant fraction of active enhancers is not developmentally stable ( Figure 1C ). Approximately 66% of active enhancers are reorganized during a 24 hr period when cells undergo a transition from dividing motor neuron progenitors to nascent postmitotic motor neurons (10,404 of 15,802 identified active enhancers). Surprisingly, comparably dynamic enhancer behavior is detected in maturing postmitotic motor neurons. More than 67% of enhancers are temporally reorganized (13,628 of 20,237 active enhancers) during the first 24 hr of motor neuron maturation. The high enhancer turnover in postmitotic motor neurons contrasts with the drop in the total number of developmentally regulated genes ( Figures 1D and 1E ). RNA sequencing (RNA-seq) analysis revealed that 39% of all expressed genes (4,256/11,049) significantly change their expression between day 4 progenitors and day 5 nascent postmitotic motor neurons (>2-fold; Supplemental Experimental Procedures), while only 24% of all expressed genes (2,607/11,049) change expression between nascent and maturing motor neurons. These results suggest that the genomic organization of active enhancers remains highly dynamic even in postmitotic neurons exhibiting fewer changes in gene expression.
Divergent Binding of Ngn2 and Isl1 to Stage-Specific Enhancers
Considering the dynamic behavior of active enhancers in postmitotic motor neurons, we examined whether programming TFs controlling terminal effector gene expression preferentially bind to the small subset of stably maintained enhancers in postmitotic motor neurons. Previously, it has been shown that during neuronal reprogramming of fibroblasts, the proneural bHLH TF Ascl1 establishes accessible chromatin regions to which the programming TF Brn2 is recruited (Wapinski et al., 2013) . To examine whether the proneural bHLH TF Ngn2 functions similarly to recruit the programming TF Isl1 in motor neuron differentiation, we performed a series of ChIP-seq experiments to identify Ngn2-bound enhancers (1 kb region around Ngn2-bound site) in day 4 motor neuron progenitors and Isl1-bound enhancers in day 5 nascent motor neurons. Surprisingly, we found that only 4% of bound enhancers (262/5,982) were co-occupied by both TFs (Figure 2A ), suggesting that Ngn2 expressed in progenitors and Isl1 expressed in postmitotic neurons control gene expression programs through distinct sets of stage-specific enhancers.
Next, we asked whether Ngn2 and Isl1 are preferentially recruited to existing accessible chromatin regions. Mapping of chromatin accessibility by ATAC-seq revealed that neither Ngn2-nor Isl1-bound enhancers were accessible in primitive ectodermal cells on day 2 of differentiation ( Figure 2B ; Figure S2A) . Ngn2-bound enhancers became accessible in progenitors, coincident with the onset of Ngn2 expression, but rapidly lost their chromatin accessibility 1 day later when Ngn2 is downregulated and cells differentiate into postmitotic motor neurons. Similarly, we found that Isl1-bound enhancers were largely inaccessible in day 4 progenitors prior to Isl1 expression but exhibited increased chromatin accessibility in day 5 nascent postmitotic motor neurons. These findings indicate that Ngn2 and Isl1 contribute to the highly dynamic genomic regulatory landscape by establishing largely non-overlapping sets of stage-specific accessible enhancers during the transition from progenitors to nascent postmitotic motor neurons.
Isl1 Rapidly Relocates to Onecut1-Bound Sites Following Lhx3 Downregulation During motor neuron specification, Isl1 and Lhx3 form a heterodimer complex that binds distal enhancers of many effector genes expressed in nascent postmitotic motor neurons Mazzoni et al., 2013; Thaler et al., 2002) . However, the fate of Isl1/Lhx3-bound enhancers following Lhx3 downregulation in maturing postmitotic motor neurons has not been previously examined. High-resolution exonuclease (ChIP-exo) mapping of Isl1 binding before and after Lhx3 downregulation identified 4,128 genomic sites (22-28 bp protected regions, referred to as Isl1-bound sites) in nascent (Lhx3-positive) motor neurons and 3,153 Isl1-bound sites in maturing (Lhx3-negative) motor neurons. Remarkably, only 6% of Isl1-bound sites in nascent neurons (250/4,128) were occupied by Isl1 in maturing motor neurons ( Figure S2B ). Analysis of Isl1-bound enhancers (1 kb region around Isl1-bound site) revealed that 80% of enhancers bound by Isl1 in nascent motor neurons (2,446/3,060) exhibited a significant depletion of Isl1 binding in maturing motor neurons and vice versa; 74% of mature Isl1-bound enhancers (Table S2 ), sorted and ordered by Isl1 occupancy. If the midpoints between day 5 and day 6 Isl1-bound enhancers reside within 1 kb, they were defined as maintained enhancers (n = 614). DNA motif represents the most enriched sequence within ±14 bp from the midpoint of Isl1-bound site ( Figure S2B Figure S2C ). Most Isl1-bound sites were far from annotated transcription start sites (TSSs), and the median distance between the closest nascent and maturing motor neuron Isl1-bound sites was 109 kb ( Figure S2D ), demonstrating that Isl1 does not simply move to a new site within the same genomic territory. The rapid displacement of Isl1 from nascent enhancers depends on Lhx3 downregulation, as Isl1 remained bound to nascent enhancers in maturing median motor neurons that maintain Lhx3 expression (Figures S2E and S2F) .
Considering that Isl1 tends to form heterodimers with other TFs, we examined DNA sequences at the new Isl1-bound sites in maturing motor neurons using de novo motif discovery (MEME) (Bailey et al., 2015) . We identified an unexpected primary motif, AATCAATA, annotated as the Onecut/HNF6 DNA binding motif ( Figure 2C ). Onecut1 and Onecut2 members of the Cut-HD TF family are induced 6-to 12-fold in postmitotic motor neurons relative to motor neuron progenitors. Loss of function analysis established that Onecut TFs are necessary for motor neuron maturation, specification of motor neuron subtype identity, and formation of functional neuromuscular synapses (Audouard et al., 2012; Francius and Clotman, 2010; Roy et al., 2012) . To determine whether Onecut TFs co-occupy genomic regions bound by Isl1 in maturing motor neurons, we performed ChIP-exo analysis for Onecut1. We observed that more than 60% of all Isl1-bound sites (1,918/3,153) in maturing motor neurons were located within 50 bp of Onecut1-bound sites (Figure 2D ). Interestingly, ChIP-exo and ATAC-seq analyses revealed that many Onecut/Isl1-bound enhancers are already accessible and bound by Onecut1 in nascent motor neurons prior to Isl1 recruitment ( Figures 2D and 2E ), indicating that Isl1 presence is not a prerequisite for the binding of Onecut1 to maturing motor neuron enhancers.
As Isl1 does not appear to be necessary for the establishment of Onecut1-bound sites, we wondered whether it might be involved in functional regulation of these enhancers. ChIP-seq profiling of histone modifications revealed a correlation between Isl1 binding and accumulation of Figure S2C) . In nascent motor neurons, Isl1-bound enhancers exhibited high levels of H3K27ac, but histone acetylation was significantly decreased in maturing motor neurons, suggesting that Isl1-bound enhancers become rapidly deactivated following the displacement of Isl1. In contrast, Onecut1-bound enhancers in nascent neurons exhibited low levels of H3K27ac, but their acetylation levels significantly increased following Isl1 recruitment in maturing motor neurons. The close correlation between Isl1 binding and H3K27ac intensity raises the possibility that Isl1 is instrumental in the productive recruitment of a histone acetyltransferase (HAT) and the activation of motor neuron enhancers.
Stage-Specific Enhancers Maintain Expression of Postmitotic Motor Neuron Genes
Neuronal progenitors undergo a major transition from highly proliferative cells with a simple bipolar morphology to postmitotic motor neurons extending synaptic processes, acquiring mature electrophysiological properties, and synthesizing appropriate neurotransmitters. This transition is accompanied by the activation of a battery of postmitotic effector genes that are expressed throughout the lifespan of motor neurons. Our observation that motor neuron programming TFs bind to transient stage-specific enhancers raises the important question of how expression of terminal effector genes is maintained in postmitotic neurons.
To correlate enhancers with changes in gene expression, we assigned distal enhancers to the nearest TSS (Creyghton et al., 2010; Rada-Iglesias et al., 2011; Wang et al., 2015; Whyte et al., 2013) . We defined three classes of Isl1-bound enhancers (Figures 3A and 3B): (1) enhancers bound by Isl1 in both nascent and maturing motor neurons (referred to as ''stable'' Isl1 enhancers) (class I), (2) enhancers differentially bound by Isl1 in nascent or maturing motor neurons but co-associated with the same gene (referred to as ''transient'' Isl1 enhancers) (class II), and (3) enhancers associated with genes only in nascent or maturing motor neurons (day 5 or day 6 only) (class III). Approximately 62% of all Isl1-bound enhancers (2,932/4,764) belonged to class I or II. RNA-seq analysis revealed that day 5 and day 6 Isl1 co-associated genes (class I or II) were significantly induced in postmitotic motor neurons compared to other Isl1-associated genes ( Figure S3A ). Moreover, Isl1 co-associated genes included many genes previously known as postmitotic motor neuron effector genes (e.g., Hb9, Isl1, Slit2, Lhx3, Chat, and Nrp1) , and these genes were highly expressed in both nascent and maturing hypaxial motor neurons ( Figure 3C) . Importantly, over 85% of these Isl1 co-associated genes (754/885) contained transient Isl1 enhancers ( Figure 3D ).
To investigate the regulatory effects of transient and stable Isl1 enhancers, we separated Isl1 co-associated genes into two groups: genes associated only with stable Isl1 enhancers (131 genes; Figure 3D ) and genes associated only with transient Isl1 enhancers (378 genes). Both groups of genes were highly induced during motor neuron maturation ( Figure 3E ). Interestingly, genes associated only with transient Isl1 enhancers (e.g., Isl1, Robo1, Nrp1, Onecut1/2, and Ebf3) were significantly overrepresented in gene ontology (GO) terms for neuron-specific (E) Boxplots of RNA expression on days 0, 5, and 6 for genes associated only with stable enhancers (n = 131) and only with transient enhancers (n = 378), shown in (D) ( Table S4 ). Boxplots show the median (line), second to third quartiles (box), and 1.53 the interquartile range (whiskers). *p < 1 3 10 À8 , n.s. non-significant (p > 0.05); Wilcoxon rank-sum test.
(F) Top five non-redundant GO terms of genes shown in (D) ( Table S5) . (G) H3K27ac intensity relative to active enhancers (n = 13,455), which were enriched for both H3K27ac and ATAC-seq intensity in the absence of Isl1 binding (subset of groups d, e, f, and g in Figure 1C ), sorted and ordered by H3K27ac intensity. These enhancers were grouped by the presence of stable, transient, day 5 only, and day 6 only active enhancers. categories (neurite projection, synaptogenesis, and cell migration, p < 1 3 10 À18 ), compared to stable Isl1-only-associated genes (p > 1 3 10 À6 ; Figure 3F ). These results suggest that genes playing an important role in neuronal maturation preferentially rely on stage-specific transient Isl1 enhancers instead of stable enhancers. We further refined the set of genes associated with transient Isl1 enhancers to a subset associated also with stage-specific enhancers transiently bound by Ngn2 in progenitors. Within this subset of genes, we observed even more significant enrichment for neuronal and developmental GO categories (p < 1 3 10
À20
; Figure S3B ), indicating that genes highly relevant to neuronal development are associated with transient enhancers occupied by stage-specific combinations of programming TFs from late progenitor to postmitotic stages.
To determine whether this is a more general principle, we extended the analysis to active enhancers that are not bound by Isl1. We identified over 13,400 active enhancers in nascent and maturing motor neurons, which lacked Isl1 binding (Figure 3G) . By assigning these enhancers to the nearest TSS, we obtained 443 genes associated only with stable enhancers (Figure 3H ) and 694 genes associated only with transient enhancers. Both groups of putative target genes were highly induced in postmitotic motor neurons ( Figure 3I ). However, as observed above, genes associated only with transiently active enhancers were more significantly overrepresented in GO terms for neuron projection and cell migration (p < 1 3 10 À11 ) and included many important motor neuron effector genes (e.g., Robo2, Dcc, Nrcam, etc.) compared to the group of genes associated only with stable active enhancers (p > 1 3 10 À3 ; Figure 3J ). Altogether, these results indicate that transiently active enhancers are broadly utilized regulatory features contributing to stable expression of developmentally regulated effector genes in postmitotic motor neurons.
Transient Isl1-Bound Enhancers Control Stable Motor Neuron Gene Expression
To test the ability of transient Isl1 enhancers to control gene expression in the context of motor neuron maturation in vivo, we utilized an electroporation system in the developing chick embryos. A nascent motor-neuron-specific enhancer (274 bp) at a neuropilin receptor gene Nrp2 (43 kb from the TSS) and a maturing motor-neuron-specific enhancer (143 bp) proximal to a glutamate-receptor-associated gene Gripap1 (32 kb from the TSS) were cloned upstream of a minimal promoter driving expression of a destabilized GFP reporter ( Figures 4A and 4B) . Electroporation of the construct carrying the nascent Isl1-specific enhancer resulted in strong GFP expression in nascent spinal motor neurons 24 hr post-electroporation, followed by rapid loss of GFP expression by 48 hr ( Figure 4C, top) . In contrast, the maturing Isl1-specific enhancer failed to activate reporter expression in nascent motor neurons at 24 hr post-electroporation ( Figure 4C , middle). However, by 48 hr, we observed robust induction of the reporter in postmitotic neurons within the ventral spinal cord, recapitulating the in vitro inferred temporal pattern of gene regulation. Similar results were obtained with three out of four tested nascent Isl1-bound enhancers and two out of three tested maturing Isl1-bound enhancers, indicating that transient Isl1-bound enhancers regulate gene expression with high temporal resolution. Since we found that many stably expressed genes associate with independent stage-specific enhancers, we also tested regulatory activity of an artificial enhancer that combined one nascent and one maturing Isl1-bound enhancer ( Figure 4B ). Upon electroporation of this construct, we observed robust GFP expression that persisted from nascent to maturing motor neurons ( Figure 4C , bottom), demonstrating that a combination of stage-specific enhancers is sufficient to maintain stable reporter gene expression in the chick spinal cord in vivo.
To test the requirement for stage-specific enhancers during motor neuron differentiation we generated a series of ESC lines carrying homozygous deletions of nascent and/or maturing motor neuron enhancers. We used the CRISPR/Cas9 system (Ran et al., 2013) to excise $1 kb regions harboring nascent and maturing Isl1-bound enhancers associated with motor neuron genes Hb9 (enhancers E1 and E5, respectively) and Isl1 (enhancers E4 and E3, respectively) ( Figures 5A and 5B ). After differentiation of control and mutant ESC lines to nascent and maturing motor neurons, we examined transcription of Isl1 and Hb9 genes using qPCR. We determined that the deletion of transient enhancers resulted in a stage-specific decrease in Hb9 and Isl1 expression. Furthermore, double deletion of nascent and maturing motor-neuron-specific enhancers resulted in a persistent decrease in Hb9 expression ( Figure 5A ), indicating that individual nascent and maturing motor neuron enhancers are necessary for maintained expression of associated genes. Importantly, deletion of nascent Isl1-bound enhancers did not compromise Isl1 recruitment to the maturing enhancers, demonstrating functional independence of stage-specific enhancers ( Figure 5C ; Figure S4) . Together, these results demonstrate that transient stage-specific Isl1-bound enhancers operate independently and that sequential activation of these enhancers in maturing neurons is sufficient and, in many instances, necessary for sustained expression of terminal effector genes during motor neuron maturation.
Isl1 Is Recruited to Stage-Specific Enhancers through Interactions with Onecut1 or Lhx3
The highly dynamic changes in Isl1 binding patterns prompted us to examine mechanisms underlying the rapid relocation of Isl1-to Onecut1-bound sites upon Lhx3 downregulation. We hypothesized that, in maturing motor neurons, Isl1 might form heterodimers with Onecut1 and bind to sites containing adjacent Isl1 and Onecut1 binding motifs. To test this, we mapped Isl1 and Onecut1 binding sites with ChIP-exo at near single-base resolution (Rhee and Pugh, 2011) (Figure 6A) . Indeed, at 33% of Isl1/Onecut1 co-bound regions (629/1,918) in maturing motor neurons, the two TFs occupied adjacent sites, containing appropriate Isl and Onecut binding motifs, respectively (subset ii in Figures 6B and 6C) . Each of these sites also exhibited a unique 23 bp (Isl1) and 24 bp (Onecut1) ChIP-exo footprint, centered over the expected motifs. Interestingly, at two-thirds of co-bound regions (1,289/1,918), Isl1 and Onecut1 bound the same genomic site (subset iii). Closer examination of the ChIP-exo footprints revealed that both Isl1 and Onecut1 binding profiles at these sites were similar and matched the footprint and motif found at sites bound by Onecut1 alone (subset iv). These observations indicate that Isl1 might be recruited to a subset of maturing motor neuron enhancers through protein-protein interactions with Onecut1. Indeed, biochemical analysis revealed that Onecut1 co-immunoprecipitates from lysates of maturing motor neurons with Isl1-containing protein complexes ( Figure 6D ).
Isl1 has been previously shown to form a complex with Lhx3 and a LIM domain-binding protein, Ldb1 Mazzoni et al., 2013; Thaler et al., 2002) , raising the possibility that, even in nascent motor neurons, Isl1 might be recruited to a subset of enhancers through protein-protein interactions with Lhx3. Examination of ChIP-exo profiles of Isl1 and Lhx3 in nascent motor neurons recovered adjacent 23 bp (Isl1) and 28 bp (Lhx3) footprints at 31% of co-bound regions (subset ii in Figures S5A  and S5B ). Interestingly, in the remaining co-bound regions, both TFs co-occupied the same 28 bp footprint centered over a 15 bp HD motif (subset iii in Figure S5B ), which is identical to the footprint and motif recovered from sites bound by Lhx3 alone (subsets iv in Figure S5B ). Our data indicate that protein-protein interactions of Isl1 with stage-specific TFs, Lhx3 and Onecut1, play an important role in the recruitment of Isl1 to transient motor neuron enhancers.
Previous studies established that Isl1 and Lhx3 engage in heterodimer complexes relying on interaction between Isl1 LIM-binding domain (LBD) and Lhx3 LIM domain Mazzoni et al., 2013; Thaler et al., 2002 ). Since we observed mostly mutually exclusive recruitment of Isl1 to either Lhx3-or Onecut1-bound enhancers, we wondered whether Onecut1 and Lhx3 compete for the same Isl1 protein-binding domain. To address this question, we transfected ESCs with Onecut1-and Isl1-expressing vectors, together with increasing amount of Lhx3, and performed co-immunoprecipitation assays. We observed that Lhx3 is not co-immunoprecipitated with Onecut1 ( Figure S5C ), indicating that the two factors are not found in the same protein complexes. We also observed that Isl1 coimmunoprecipitation with Onecut1 is disrupted by increasing concentration of Lhx3, supporting the competitive binding of the two TFs to Isl1. Moreover, we functionally tested the A CMV-mCherry reporter (red) was co-electroporated with GFP plasmids to assess the efficiency of electroporation. Embryos were fixed at 24 hr (stage 18) and 48 hr later (stage 23) and stained with MN marker Hb9 (blue) and GFP (green) antibodies (n = 2). Scale bars represent 50 mm.
competitive interactions among the TFs using luciferase reporter assays. We observed that activity of Isl1/Lhx3 or Isl1/Onecut1 enhancers was significantly diminished by overexpression of Onecut1 or Lhx3, respectively, presumably due to their ability to titrate Isl1 away from the enhancers ( Figure S5D ). Together, these results indicate that Onecut1 and Lhx3 interactions with Isl1 are mutually exclusive and that Onecut1 likely competes for the same Isl1 LDB domain that Lhx3 binds.
Isl1 and Histone Acetyltransferase Are Selectively Recruited to Clusters of Onecut1 or Lhx3
Global analysis of TF-bound sites in nascent and maturing motor neurons revealed a discrepancy between the large number of Lhx3-or Onecut1-bound sites and the relatively small number of sites bound by Isl1 ( Figure 6B ; Figure S5A ). Throughout the mouse genome, there are over 142,000 occurrences of the 8 bp Onecut consensus motif (AATCAATA). Remarkably, ChIPexo analysis revealed that more than 75% of these sites (>108,800 sites) were occupied by Onecut1 in maturing motor neurons (Figure 7A) . In contrast, Isl1 was present at only 5% of Onecut1-occupied sites, prompting us to investigate what additional features contribute to the productive recruitment of Isl1 to a small subset of Onecut1 sites. Notably, we found that Isl1 is preferentially recruited to closely spaced clusters of Onecut1 TFs (defined as Onecut1 binding sites within a 200 bp window). The majority of genomic regions (228/413) containing four or more Onecut1-bound sites effectively recruited Isl1 in maturing motor neurons, whereas only 1% of regions containing a single Onecut1-bound site (657/61,248) recruited Isl1 ( Figure 7B ). Similarly, Isl1 was preferentially recruited to regions containing multimeric Lhx3 binding sites in nascent motor neurons.
Next, we examined whether recruitment of Isl1 to a subset of enhancers correlates with enhancer activity. Above we described a strong correlation between Isl1 recruitment and accumulation of H3K27ac at transiently bound nascent motor neuron enhancers (Figures 2D-2F) . Analysis of the histone acetyl transferase p300 and H3K27ac enrichment revealed that p300 and H3K27ac intensities correlated most closely with Isl1-binding occupancy, irrespective of whether these regions contained Lhx3 or Onecut1 binding ( Figure 7C ; Figure S6A ). In contrast, genomic regions that were occupied by Lhx3 alone or by Onecut1 alone exhibited little or no p300 or H3K27ac enrichment. Together, these results indicate that Isl1 is preferentially recruited to enhancers containing clusters of Lhx3 or Onecut1 and that histone acetyl transferase p300 is selectively recruited to enhancers containing Isl1 TF.
To experimentally probe whether effective transcriptional activation depends on clustered Lhx3 or Onecut1 TFs, we performed luciferase reporter assays with synthetic enhancers containing increasing numbers of Lhx3 or Onecut binding motifs. Quantification of luciferase expression revealed a super-linear relationship between the number of binding sites within a clustered enhancer and the reporter gene expression, supporting our conclusion that efficient recruitment of trans-activator complexes to motor neuron enhancers depends on clustered multimeric Lhx3 or Onecut1 binding sites ( Figures 7D and 7E) . Importantly, efficient activation of enhancers containing clustered multimeric Lhx3 or Onecut1 binding sites depends on the presence of Isl1 TF ( Figure S6B ). Together, these results support a model in which Isl1 functions as an integrator of Lhx3 and Onecut1 binding patterns, functionally differentiating between singular and clustered binding sites in the genome.
Isl1 and Isl2 and Lhx3 and Lhx4 are paralogous pairs of TFs containing LIM and HD domains, whose expression pattern and function largely overlap in developing motor neurons (Briscoe et al., 2000; Sharma et al., 1998) . Onecut1 and Onecut2 are also a paralogous pair of TFs containing CUT and HD domains, and their expression patterns and functions are partially overlapping during neural development (Francius and Clotman, 2010; Roy et al., 2012) . We examined whether the behavior of Isl1, Lhx3, and Onecut1 can be extended to their paralogs by performing combinatorial luciferase reporter assays. While Isl2 and Onecut2 functioned in this simplified assay analogously to Isl1 and Onecut1, respectively ( Figures S6C and  S6D ), Lhx4 turned out to be sufficient to activate reporter gene expression even in the absence of Isl1/2 TFs, suggesting that Lhx4 can employ alternative strategies for co-activator recruitment.
DISCUSSION
Outwardly Stable Gene Expression in a Dynamic Regulatory Environment Embryonic development can be viewed as a multi-step process during which individual cells acquire unique and cell-type-specific gene expression profiles. Programming TFs play a pivotal role in this process by regulating the transition from a multipotent progenitor state to a terminally differentiated cell. The ability of programming TFs to induce expression of cell-type-specific effector genes and to establish a defined cell identity has been (Table S6) . TF occupancy on the + strand (blue, left border) and À strand (red, right border) is shown. We classified four subsets:
(1) 1,235 Isl1-only-bound sites (subset i), (2) 629 Isl1-bound sites next to Onecut1 (plots were reoriented to keep Onecut1 to the right side of Isl1) (subset ii), successfully exploited in cell reprogramming experiments (Mazzoni et al., 2013; Mong et al., 2014; Son et al., 2011; Vierbuchen et al., 2010; Wapinski et al., 2013) . Recent convergence of biochemical, genomic, and computational approaches yielded maps of genomic regions bound by programming TFs (Lodato et al., 2013; Mazzoni et al., 2013; Stampfel et al., 2015; Wapinski et al., 2013) . However, these maps remain relatively coarse to reveal the fine-grain organization of cis-regulatory elements controlling the combinatorial transcriptional inputs into cell-typespecific gene expression programs. Moreover, many mammalian programming TFs are expressed only transiently at the time when cell identity is being specified (Briscoe et al., 2000; Jessell, 2000; Novitch et al., 2001; Sharma et al., 1998) , leaving open the question of what ensures continuous expression of cell-type-specific effector genes in the context of such a dynamic gene regulatory environment.
In theory, enhancers established by transiently expressed programming TFs might be maintained in postmitotic neurons by secondary TFs recruited to these accessible chromatin regions. Our high-resolution mapping analysis of TF binding sites, chromatin accessibility, and histone modifications in ESC-derived hypaxial motor neurons supports an alternative model (Figure 8 ). We report that many enhancers established by Isl1 and Lhx3 TFs in nascent motor neurons are truly ephemeral, in existence for less than 24 hr, losing not only TF binding, but also histone acetylation and chromatin accessibility. At the same time, Isl1 is recruited to a distinct set of enhancers bound by clustered Onecut1 TFs that become rapidly activated. We propose that the Table S7 ). (C) Heatmaps of the Pearson correlation coefficients (R) for pairwise comparisons of TFs and H3K27ac intensity in nascent MNs shown in Figure S5A and in maturing MNs shown in Figure 6B (Table S3) maintenance of motor neuron gene expression relies on a dynamic handover (relay) of regulatory control from one stage-specific enhancer to another.
Indirect Recruitment of Isl1 to Enhancers through Protein-Protein Interactions
The rapidity with which Isl1 is displaced from its initial binding sites following Lhx3 downregulation and recruited to the new sites occupied by Onecut1 is notable. We speculated that this instability might be due to a strictly cooperative binding of Isl1/Lhx3 and Isl1/Onecut1 heterodimers to genomic sites containing pairs of heterodimer-specific motifs (LIM-LIM; LIM-Onecut) Mazzoni et al., 2013) . Indeed, we identified such binding pattern in one-third of Isl1/Lhx3 and Isl1/Onecut1 co-bound regions. Surprisingly, we discovered a significant fraction of sites at which Isl1 does not bind to its cognate motif; instead, Isl1 appears to be recruited to these sites through protein-protein interactions with Lhx3 or Onecut1. We propose that the observed tendency of Isl1 to engage in protein-protein interactions contributes to the rapid displacement of Isl1 from nascent motor neuron enhancers following Lhx3 downregulation and to its relocation to a new set of Onecut1-bound enhancers in maturing motor neurons.
While surprising, indirect recruitment of proteins traditionally recognized as DNA-binding TFs is not without precedent. An analogous mechanism has been reported for the recruitment of MEC-3, a LIM HD TF controlling postmitotic mechanosensory neuronal identity in C. elegans (German et al., 1992; Gordon and Hobert, 2015; Lichtsteiner and Tjian, 1995; Xue et al., 1993) . Biochemical and genetic studies demonstrated that the HD DNA-binding domain of MEC-3 is dispensable for its normal function and that MEC-3 is recruited to relevant enhancers primarily through a protein-protein interaction with a POU TF, UNC-86. Besides enhancers to which Isl1 is recruited indirectly, we identified a number of Isl1-bound sites with the preferred Isl HD binding motif. However, since the motif is short and degenerate, we favor a model in which additional, yet-to-beidentified TFs interact with Isl1 to stabilize its binding to DNA. Ultimately, it will be interesting to systematically probe TFs with short and degenerate binding motifs to determine whether there is a larger group of TFs preferentially relying on protein-protein interactions for their recruitment to DNA.
Isl1 Operates as an Integrator TF, Functionally Integrating Binding Patterns of Anchor TFs
In contrast to Isl1, Onecut1 and Lhx3 TFs appear to bind many genomic sites independently of other TFs (75% of all preferred motifs in the genome are bound by Onecut1), but their recruitment is not sufficient to activate enhancers. We propose referring to such factors as anchor TFs-they strongly bind to DNA, yet possess limited inherent regulatory capacity, and their function therefore depends on combinatorial interaction with additional TFs or co-factors. We reason that Isl1 functions as a transcriptional co-activator for Lhx3 and Onecut1 that might directly or indirectly recruit HATs or other histone-modifying enzymes (Wang et al., 2016) to activate subsets of anchor TF-bound enhancers. It is of interest that Velasco et al. (2016) reported a subset of enhancers in transcriptionally programmed motor neurons co-occupied by Onecut2, Lhx3, and Isl1 TFs, raising a possibility that Isl1 might be effectively recruited not only by pure Lhx3 or Onecut1 clusters, but also to hybrid clusters composed of Lhx3 and Onecut binding sites. Isl1 is a key TF involved in the specification of many cell types within the brain, pancreas, retina, heart, gut, and spinal cord. Previous biochemical studies revealed that Isl1 interacts with several cell-type-specific TFs to regulate expression of cell identity genes. Isl1 has been shown to partner with a bHLH TF Beta2 in pancreatic b cells (Zhang et al., 2009 ), a POU-HD TF Brn3b in retinal ganglion cells (Audouard et al., 2012) , and with Phox2a in cranial motor neurons (Mazzoni et al., 2013) . Ultimately, it will be interesting to determine whether Isl1 functions primarily as a co-activator of enhancers in all of these cell types and whether its partner TFs function primarily as anchor TFs.
As effective Isl1 recruitment positively correlates with the number of clustered anchor TFs in postmitotic spinal motor neurons, we propose that Isl1 operates as an integrator TF, reading and translating the density of anchor TFs into enhancer activity. Integrator TFs can add a layer of complexity to transcriptional networks and contribute to higher-order combinatorial regulation of gene expression. Thus, the observed ''division of labor'' between anchor TFs strongly interacting with their cognate DNA We propose that expression of MN effector genes is maintained by transient enhancers bound by Isl1/Lhx3 in nascent MNs and Isl1/Onecut1 in maturing hypaxial MNs. The median distance between the closest day 5 and day 6 Isl1-bound sites is 109 kb (Figure S2D ), indicating engagement of a large genomic territory in the regulation of MN gene expression. Isl1 is preferentially recruited to enhancers containing clusters of stage-specific TFs. We propose that stage-specific Isl1 binding leads to the recruitment of the histone acetyl transferase p300, acetylation of H3K27, and transient activation of enhancers. Following Isl1 release, enhancers are rapidly deactivated and decommissioned as manifested by the loss of p300, H3K27ac, and chromatin accessibility. motifs and integrator TFs that functionally stratify anchor TFbound regions might constitute an important logical component of transcriptional regulatory networks, contributing to specification of cell diversity in highly complex organs and organisms.
Our findings suggest that the process of neuronal maturation is controlled by cell-type-specific dynamic gene regulatory networks, engaging stage-specific enhancers associated with terminal effector genes. Mapping and understanding these regulatory networks might yield new strategies for the direct reprogramming of stem cells into mature or aging neurons, a critical step toward the development of more realistic models of late-onset neurodegenerative diseases.
EXPERIMENTAL PROCEDURES Cell Culture
Motor neuron differentiation of mouse ESCs was performed as described previously (Tan et al., 2016; Wichterle et al., 2002; Wichterle and Peljto, 2008) with some modifications. Briefly, ESCs were seeded in ADFNK medium (day 0). Medium was supplemented on day 2 with 1 mM all-trans retinoic acid and 0.25 mM smoothened agonist (SAG) (Millipore, 566660) . DAPT (5 mM, Selleckchem, S2215) was added to the culture medium on day 4 and day 5. Inducible iNgn2 and iNIL lines (Mazzoni et al., 2013) were differentiated using the same conditions and induced by adding 3 mg/mL of doxycycline (Clontech, NC0424034) on day 3 and day 2, respectively.
Immunocytochemistry
Embryoid bodies (EBs) were fixed with 4% paraformaldehyde, embedded in OCT, sectioned, and immunostained (antibodies against Isl1, RRID: AB_2126323; Hb9, RRID: AB_2145209). For quantification, an average of eight randomly selected EBs were analyzed per time point (average of 380 cells per EB) and scored for expression of motor neuron markers.
ChIP-Exo and ChIP-Seq Cells were fixed with 1% formaldehyde and then processed as described previously (Rhee and Pugh, 2011) . Briefly, cells were lysed, and chromatin pellets were isolated and fragmented by sonication, then subjected to immunoprecipitation using antibodies (Isl1, RRID: AB_1157901; Onecut1, RRID: AB_2251852; H3K27ac, RRID: AB_2118291; p300, RRID: AB_2293429; V5, RRID: AB_2556564). After washing, ChIP-seq samples were eluted. While ChIP-exo samples were still on the beads, the samples were ligated to a sequencing adaptor and digested by lambda exonuclease. Single-stranded DNA was eluted and converted to double-stranded DNA. A second sequencing adaptor was ligated to exonuclease-treated DNA ends, PCR amplified, gel purified, and sequenced by Illumina HiSeq 2000.
Data Analysis
All sequencing datasets were aligned to mm9 mouse genome assembly. We used the GEM (Guo et al., 2012) and the GeneTrack peak calling algorithms to identify regions enriched by TFs over background without DNA motif information from ChIP-seq and ChIP-exo datasets. If multiple peaks resided within 1 kb to each other, we merged these peaks into a single enhancer, and a midpoint of a peak with highest occupancy was considered an enhancer midpoint. Enhancer intensity (read counts) for TFs, histone modification mark, and ATAC-seq signal was plotted relative to the enhancer midpoint, and summed within ±50 bp for ChIP-exo and ±500 bp for ChIP-seq or ATAC-seq datasets. TF occupancies were normalized across time points using a median occupancy at the shared enhancers as a normalizer. See Supplemental Experimental Procedures for detailed experimental procedures and data analysis.
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